The mass-to-charge ratio scale  by Dougherty, R.C. et al.
SHORT COMMUNICATION 
The Mass-to-Charge Ratio Scale 
R. C. Dougherty and A. G. Marshall* 
Department of Chemistry, Florida State University, Tallahassee, Florida, USA 
J. R. Eyler and D. E. Richardson 
Department of Chemistry, University of Florida, Gainesvik, Florida, USA 
R. E. Smalley 
Department of Chemistry, Rice University, Houston, Texas, USA 
Increases in the capacity for accurately measuring the mass-to-charge ratio of specific 
gas-phase ions justify the reconsideration and standard definition of the gas-phase mass-to- 
charge ratio scale and the clearly defined connection of that scale to condensed phases. We 
propose that the chemical mass standard for solids and the gas phase be based upon the 
mass of carbon-12 buckminsterfullerene (“C&. The mass-to-charge ratio scale in the gas 
phase would be based upon the mass of gas-phase l’C,,,, the mass of the electron, and the 
electron charge in atomic units. As mass measurement accuracy improves, corrections tyzthis 
mass-to-charge ratio standard are anticipated for the vaporization energy of the C, 
molecule and its ionization potential or electron affinity. We propose that the positive ion 
scale be set by the mass-to-charge ratio of 12C,$ as (+ )719.9994514 + 0.0000004 u per 
electron charge. We propose that the negative ion mass scale be set by the mass-to-charge 
ratio of %Z; as (-)720.00054&l f 0.0000004 u per electron charge. CJ Am Sot Mass Specfrom 
2994, 5, zzo-223) 
T he mass standards for chemistry in condensed phases is the mole [I], “the mole is the amount of substance of a system which contains as many 
elementary entities as there are atoms in 0.012 kg of 
carbon-12.” The gas-phase mass standard is the u [2], 
l/12 the mass of an atom of 12C in the gas phase. 
Price’s [3] presentation of standard definitions of terms 
relating to mass spectrometry refers to the mass-to- 
charge ratio scale under the discussion of the “Molecu- 
lar ion . . .The mass of this ion corresponds to the 
masses of the most abundant naturally occurring iso- 
topes of the various atoms that make up the molecule 
(with corrections for the masses of the electrons lost or 
gained).” 
Advances in mass spectrometry technology have 
resulted in a continuous increase in the precision of 
gas-phase mass-to-charge ratio measurements. Mass 
measurement with a precision of + 100 ppb (10 micro- 
mass unit at m/z 100) can now be obtained in ion 
cyclotron resonance systems operating at 3 tesla [4]. 
Mass measurement accuracy exceeding f 1 milli-mass 
unit can be obtained on a number of instruments that 
are now in general use [5]. Investigators concerned 
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with measurement of mass-to-charge ratio at high pre- 
cision quote theoretical values based upon the mass- 
to-charge ratio expected for a given ion using the u 
and the electron mass [6]. The physics literature re- 
ports mass-to-charge ratios using the same standard 
[ 71. Designs now exist for ion cyclotron resonance mass 
spectrometers operating at high magnetic fields (12 to 
20 tesla). There is a reasonable basis for the expectation 
that the precision in mass measurement accuracy will 
be capable of reaching the levels below f 1 ppb ( f 100 
nano-mass unit at m/z 100) with the new generation 
of instruments. 
The differences between the gas-phase and con- 
densed-phase mass scales have not been important in 
the past because the potential errors caused by these 
differences were smaller than the potential accuracy of 
the measurements. The prospect of being able to deter- 
mine mass-tocharge ratios with an accuracy of the 
order of 1 ppb makes it timely to consider the connec- 
tions between the two mass scales. One nano-mass 
unit corresponds to a rest mass energy of 0.9 eV [7]. 
This amount of energy is significant from the point of 
view of the chemical potential, bonding, and electronic 
excitation of the species with a given mass-tocharge 
ratio. The atomization energy of graphite is 7.4245 
eV/T [8]. The atomization energy of graphite was 
obtained by use of Hess’ Law, the heat of formation of 
carbon monoxide, and the bond dissociation energy of 
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carbon monoxide. The heat of atomization of graphite 
is in the range of the expected precision of future mass 
measurements. (Hexagonal crystalline graphite is con- 
sideced here only for the sake of discussion. The I& 
PAC standard [l] makes no reference to the state of 
carbon that is used as the mass reference.) 
The neglect of the atomization energy of graphite 
The solid-phase/gas-phase chemical potential differ- 
ence for the standard suggested below (‘2C,) is the 
smallest for any mono-isotopic carbon species. If 
carbon-12 is to remain as the chemical mass standard, 
it would be logical to choose this molecular species for 
the standard. 
[81 (7.4245 eV/atom) and the ionization potential of 
gaseous carbon (11.256 eV) [9] means that the “C+’ ion The Chemical Mass Scale 
has a mass greater than expected by 18.7 eV, or roughly 
20.7 nano-mass units. This corresponds to a discrep- 
ancy of 1.7 ppb in the mass-to-charge ratio of the ion 
when it is obtained by use of the unit, as compared to 
the condensed-phase standard. At the time that the 
gas-phase and condensed-phase standards were pro 
mulgated, it was not anticipated that mass measure- 
ment accuracy would be available at the level of 1 ppb 
[l, 21. If an adjustment were made to either the gas- 
phase or condensed-phase chemical mass standard to 
correct for the atomization energy of graphite, the 
mass standard would be the first SI unit to be adjusted 
by the addition of a correction factor. 
The relevant physical data concerning these mass 
and energy relationships ace illustrated in Table 1 
and Figure 1. Table 1 lists the energy differences per 
carbon-12, and the corresponding rest mass difference 
per unit (all energies are relative to hexagonal crys- 
talline graphite, or crystalline C,). 
To obtain correspondence between the gas-phase 
and solid-phase mass scales, either it will be necessary 
to make a correction to the gas-phase mass scale based 
upon the energies in Table 1, or we could select a mass 
standard that is closer to the carbon standard state 
than a gas-phase carbon atom. The definitive selection 
of a physical state for the solid-phase mass standard 
would also eliminate confusion concerning the chemi- 
cal mass reference state for the solid phase. Removal of 
this confusion would also be an aid in the develop- 
ment of a new definition of the value of the kilogram 
[151. Selection of the entities defining the chemical 
mass scale in the gas phase and condensed phase 
should be influenced by the magnitude of the energy 
difference between the gas-phase and condensed-phase 
species. The smaller the energy difference between the 
two entities, the higher the reliability of the standards. 
When the condensed-phase and gas-phase mass scales 
were established, it was not anticipated that relativistic 
effects of chemical potential would be significant with 
reference to the definition of an atomic mass unit, or 
that there would be any measurable conflict between 
the two chemical mass scales. 
Refinements in the determination of the Avogadro 
Constant highlight the need to better define the rela- 
tionship between the gas-phase and condensed-phase 
chemical mass scales [lo]. In the most recent determi- 
nation of the Avogadro Constant [lo], the gas-phase 
values for the masses of the silicon isotopes were used 
for the determina tion of a condensed-phase constant, 
Although the discrepancy cited above between the 
gas-phase and condensed-phase chemical mass scales 
is smaller (1.7 ppbl than the estimated error in the 
Avogadro Constant (0.6 ppm), it is anticipated that the 
uncertainty in the Avogadro Constant can be substan- 
tially reduced in the future. 
Establishment of a gas-phase mass-to-charge ratio 
scale based upon carbon should consider the ionization 
energy of the standard as well as the vaporization 
energy and reorganization energy of the solid-phase 
mass standard. The proposal below suggests a stan- 
dard that has a lower vaporization and reorganization 
energy difference by a factor of 0.0039 than the present 
standard. Discrepancies in the mass standard due to 
errors in these values would be reduced by approxi- 
mately two orders of magnitude if the new standard 
were adopted. The ionization energy difference be- 
tween the present standard and that proposed below is 
approximately a factor of 10. The reduction in uncer- 
tainty available by changing the standard is larger 
than any anticipated reduction in uncertainty due to 
more accurate determination of the atomization energy 
and ionization potential of carbon. The clearest indica- 
tion that this is true comes from the fact that the 
Table 1. Energy relationships between mass 
standard species” 
AE(.sV/'~CJ AEf$//'2CJ Am/u Am/u 
Component graphite CEO graphite "C,, 
12C+. 
,2 pa 18.680~ 18.288 2.00.10-* 1.96.10@ 
,2C~k=., 0.54913 0.156 5.89.10-lo 1.67.10-" 
0.37714 4.05*10-1" -l.n~lo-" 
proposed standard would not require any adjustment 
to bring the gas-phase and condensed-phase mass 
scales into agreement within 1 ppb. The present stan- 
dard would require such an adjustment. 
Proposed Gas-Phase Mass-to-Charge 
-0.016 
7.42458 7.0315 7.97.10-9 7.55.10-Y 
Ratio Standard 
12Cw*ar~ o.422'* 0.029 4.53.10-'0 3.11.10-" 
C M)@lid) 0.39311 0.0 4.21.10~10 0.0 
We propose that carbon-12 buclcminsterfullerene, “C,, 
‘Y grsphile(?iolid) a.0 0.0 
be established as the defining entity for chemical mass 
standards in the solid and gas phases. The atomic mass 
‘Energies LeV/“C) are relative to flraphite and C,,. unit, u; would become l/720 the mass of gas-phase 
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Figure 1. Comparison of the energy difference, electronvolts per carbon atom, for hexagonal 
graphite and “CC (g), and buckminsterfullerene (s) and %&. 
12 C 
12 60’ 
The mole would be based upon 0.012 kg of 
c . The mass-to-charge ratio standard for the gas 
pha?e would be based upon the mass of 12C60 and the 
rest mass of the electron. The precise mass-to-charge 
ratio for the positive and negative ions are shown in 
Table 2. 
The choice of buckmiisterfullerene as the chemical 
mass standard offers a number of advantages over 
other possible choices. The vaporization energy of 
buckminsterfullerene is small, 0.029 eV/“C 1121, com- 
pared to the vaporization energy of graphite, which is 
7.365 eV/l’C 1161. The error introduced by neglecting 
the vaporization energy of buckminsterfullerene would 
be smaller than any presently foreseeable improve- 
ment in mass measurement accuracy. The free energy 
difference between buckminsterfullerene and graphite 
is the order of -0.39 eV/“C (the heat of formation of 
C, is 545 kcal/mol [ll]). If buckminsterfullerene were 
selected as the solid-phase mass standard, this small 
reorganization energy would be part of the mass stan- 
dard. The atomization energy of buckminsterfullerene 
need not be considered since the gas-phase particle can 
Table 2. Mass-to-charge ratios for the positive 
and negative ions of ‘*Cm 
Ion Mass-to-Charge Ratio 
12 
C& (+ J719.9994514 u/z 
%i ( - )720.0005486 u/z 
be directly related to the condensed-phase standard 
containing carbon-12. The correction to the mass-to- 
charge ratio due to the ionization energy or electron 
affinity of buckminsterfullerene is smaller than any 
improvement in precision for gas-phase mass-to-charge 
ratio measurements in the foreseeable future. If correc- 
tions to the gas-phase mass standard due to the chemi- 
cal potential of buckminsterfullerene as compared to 
graphitic carbon become necessary because of advanc- 
ing technology, they can be made in the future. The 
same is true for the differences in mass between the 
neutrals and ions (masses corrected for the electron 
mass). From the point of view of chemistry there are 
numerous arguments for the establishment of a mass 
standard based upon a chemical species rather than a 
collection of physical constants like the velocity of 
light, the electron mass, Planck’s Constant, and mag- 
netic flux [15]. Adoption of this standard would fill 
this need and also provide a means for the redefinition 
of the kilogram [151. 
The choice of buckminsterfullerene ions as gas-phase 
mass-to-charge ratio standards is supported by the 
following observations: (1) The chemical potential dif- 
ference between gas-phase and solid-phase buckmin- 
sterfullerene per carbon atom is roughly two orders of 
magnitude smaller than the corresponding difference 
between gas-phase carbon atoms and solid-phase car- 
bon. Buckminsterfullerene only requires sublimation to 
become a well-defined gas-phase particle; graphite re- 
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quires atomization to produce a correspondingly well- 
defined gas-phase entity. (2) The vaporization energy 
of buckminsterfullerene per carbon atom is small com- 
pared to that of graphite, or other potential carbon 
standards. The chemical potential difference between 
solid-phase and gas-phase buckminsterfullerene is the 
smallest difference per carbon atom of any potential 
carbon species. (3) The ionization energy of buckmin- 
sterfullerene per carbon atom is more than 60 times 
smaller than the corresponding energy for carbon 
atoms. The “C, standard for gas-phase mass-to-charge 
ratio would involve only the defined mass of carbon-12, 
and the known mass of the electron. To obtain the 
same level of precision, any other gas-phase mass 
standard would require unprecedented corrections for 
differences in chemical potential between the proposed 
standard and solid-phase carbon. 
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